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CHAPTER I 
 
 
INTRODUCTION 
 
Polymers show different viscoelastic properties that depend on temperature, 
especially, near the glass transition temperature, Tg.  The experimental conditions such as 
moisture content of the sample have a significant effect on the viscoelastic properties.  
Polyvinyl acetate (PVAc) is one of the well-known polymeric materials that are so 
sensitive to moisture.  Under isothermal conditions, viscoelastic functions of the 
polymers can be obtained in either the time or frequency domain.  Knauss and Kenner 
(1980) used a torsiometer shear creep compliance function of PVAc in time domain and 
Deng and Knauss (1996) obtained the bulk complex creep compliance function in 
frequency domain.  Another technique is nanoindentation to measure the mechanical 
properties of the materials.  Sneddon (1965) provided solution for elastic contact 
problem. Doerner and Nix (1986) and Oliver and Pharr (1992) developed methods using 
Sneddon solution (1965) to measure the material properties.  These methods use the 
unloading curve to derive the Young’s modulus and hardness.  Oliver and Pharr method 
is mostly used one for monolithic materials and the validity of this method was proved 
for materials without time-dependence, which contact area does not change with time, by 
several researchers.  However, this method does not work well for viscoelastic contact 
problems because contact area changes with time.  Lee and Radok (1960) analyzed 
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viscoelastic contact problems and modified elastic solution for viscoelastic contact 
problems.  Lu (2003) developed a method using Lee-Radok approach to measure shear 
creep compliance function from nanoindentation load-displacement under force 
controlled loading condition and this method was used by several researchers. 
 For low indentation load, the effect of adhesive interactions is more dominant and 
some problems can stem from these interactions during analyzing the data.  Johnson-
Kendall-Roberts (JKR) (1971) developed a theory to account for the adhesive 
interactions between tip and linear elastic monolithic material.  JKR method was used to 
get elastic properties of materials from indentation load-displacement data obtained by 
such as Atomic Force Microscopy (AFM), Interfacial Force Microscopy (IFM). 
In this study, nanoindentation load-displacement data of PVAc was obtained at 
different temperatures ranging from ~20 oC to 42 oC using two different equipments, 
Hysitron Triboindenter and IFM.  High load, 600 µN, was applied to a PVAc with 
Hysitron Triboindenter using Berkovich indenter Low load, 20µN, was applied to a 
PVAc with IFM using spherical indenter and IFM load-displacement data was analyzed 
both viscoelastic method and JKR method.  Shear creep compliance functions were 
extracted from each load-displacement data obtained by both equipments.  
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CHAPTER II 
 
 
REVIEW OF LITERATURE 
Indentation theory for elastic and viscoelastic materials and instrumented 
nanoindentation using commercial nanoindenter and IFM will be summarized in this 
chapter. 
 
2.1 Linear Elastic Indentation 
 For the indentation of linear elastic and isotropic material by a frictionless, rigid 
and conical indenter, Sneddon (1965) derived equation for relation between indentation 
load, P, and indentation depth, h, by 
P
G
h
4
)tan()1(2 ανπ −=        (1) 
whereα  is the angle between the half-space and the generator of the conical indenter, υ  
is Poisson’s ratio and G is shear modulus. 
Similarly, when a frictionless, rigid, spherical indenter of radius R is pressed into a linear 
elastic solid, Hertz (1986) derived equation for relation between indentation load, P, and 
indentation depth, h, given as 
 P
RG
h
8
)1(32/3 ν−=         (2) 
For indentation to elastic-plastic material, the contact area between indenter and elastic 
material is needed to find the mechanical properties such as modulus and hardness. 
Doerner and Nix (1986) found a relationship between contact area and contact stiffness 
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using the unloading part of load-displacement data.  If a spherical indentation is taken as 
an example, contact stiffness, S, is found by using equation (2) as 
hRG
dh
dPS )1(
4
υ−
==         (3) 
If depth, h, is expressed as Rro /
2 and the area of contact, A, is expressed as 2orπ , the 
relation between stiffness and contact area is written using Equation (2) as 
 
)1(
2
2υπ −
==
AE
dh
dPS        (4) 
where E is Young’s modulus and expressed as )1(2 υ+G .   
Oliver and Pharr (1992) refined Doerner and Nix’s approach.  In the Oliver-Pharr 
method, unloading curve is described by a power law relation.  They pointed out that 
Equation (4) can be used even contact area changes continuously and is valid for all 
indenter geometry. The method developed by Oliver and Pharr is a standard technique to 
extract the elastic properties of elastic solids in nanoindentation measurements.     
     
2.2 Linear Viscoelastic Indentation  
 Indentation theory for linear viscoelastic materials was derived from the 
indentation theory for linear elastic materials.  In elastic contact problem, boundary does 
not change with time, whereas, in the case of viscoelastic contact problem boundary 
conditions change with time.  Therefore, viscoelastic solution can not be simply obtained 
by replacing the elastic constants with viscoelastic operators.  Lee and Radok (1960) 
provided methods for viscoelastic contact by substituting the hereditary integral operator 
in place of elastic constants in the elastic solution when the viscoelastic contact area does 
not decrease with time. For a spherical indenter with radius R, load-displacement relation 
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is written replacing the GP /  in Equation (2) with hereditary integral provided by Lee 
and Radok (1960) for creep, 
 ξ
ξ
ξ
ξ
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)1(3)(       (5)  
where J is the shear creep compliance function, ξ  is a dummy integration variable for 
time. 
In a similar way, for a Berkovich indenter, load-displacement relation is written by 
modifying Equation (1), 
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In recent years, the early work to the indentation theory for viscoelastic solids was 
extended by several authors and these indentation theories were applied to the different 
viscoelastic materials.  Lu (2003) devised a method to extract the shear creep compliance 
function of solid polymers from indentation load-displacement data using Lee and Radok 
approach in Equations (5) and (6) under controlled loading condition at a constant rate 
loading.  Lu and Gang (2006) devised a method to determine Young’s relaxation 
modulus of solid polymers under indentation depth controlled loading condition.  They 
also developed a method to measure both bulk and shear relaxation functions using an 
axisymmetric tip and an asymmetric tip.  Using the approach developed by Lu, et al. 
(2003), Sadr (2008) investigated viscoelastic behavior of dental adhesives and 
Daphalapurkar (2008) investigated viscoelastic behavior of human tympanic membrane.  
Oyen (2005) measured the spherical indenter tip creep under a constant rate loading and 
step loading.  
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 Ting (1965), Graham (1965), and Yang (1966) refined Lee and Radok’s solution 
when the viscoelastic contact area changes with time.  Kumar and Narasimhan (2004) 
investigated viscoelastic properties of polymethyl methacrylate (PMMA) using the Ting 
approach.  For a viscoelastic material, decreasing load does not lead necessarily to 
decreasing displacement. When unloading starts, displacement could keep increasing, 
after several seconds; displacement starts to decrease and this phoneme is known as 
“nose” and it is reported by Lu (2003) and Komvopoulos and Zhou (2008).  Therefore, 
Oliver and Pharr method is not applicable to viscoelastic materials.  To address this 
problem Cheng and Cheng (2005) derived a relationship between the initial unloading 
slope, contact depth and instantaneous relaxation modulus using Ting approach and they 
claimed that Oliver and Pharr method to find Young’s modulus is applicable to 
indentation for linear viscoelastic solids at sufficiently fast unloading rate.  However, no 
experiment validation was reported.  
 
2.3 Contact Mechanics Theory 
 Contact mechanics theory was firstly modeled by Hertz (1881) between an elastic 
spherical body and a rigid sample without taking consideration of the surface forces.  
Later, this theory was refined by Derjaguin, Mullern and Toporov (1975), known as 
DMT theory and Johnson, Kendall and Roberts (1971), known as JKR theory.  Both 
DMT and JKR theory account for the adhesive interactions and are applicable to 
monolithic materials.  DMT theory models forces outside of the contact area whereas 
JKR theory models the contact area between a spherical indenter and an elastic 
monolithic sample by assuming that short-range forces inside the contact area are 
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important and long-range forces outside the contact area are negligible.  JKR theory is 
one of the most popular models used today because Hertz and DMT models suggest that 
loading and unloading are a smooth process and there is no adhesion hysteresis.  
However, this is not a realistic situation.  JKR is more realistic because it allows the 
adhesion hysteresis during loading and unloading process.  JKR model is described by 
these equations, 
 
3/2
3/1
*
)11( L
E
fR
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

=                                     (7) 
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 122
3
γπRfc −=                                         (9) 
where a is contact area and ac is contact area at the maximum adhesive force, seen in 
Figure 2.1. 
 
Figure 2.1 Illustration of JKR method (Legget et al. 2005) 
fc is maximum adhesive force and called as “pull-off force”, L is normalized force and 
expressed as f/fc. 12γ is adhesion energy and δ is displacement.  
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2.3 Viscoelastic Behaviors of Polymers 
 Polymers are in general viscoelastic materials and show different properties at the 
regions below and above their glass transition temperature, Tg.  Above Tg,
 
a polymer acts 
in a “rubbery” manner in which molecules mobility is high.  The modulus in this region 
is called “rubbery modulus”, Er, and it is low. But below Tg,,
 
a polymer acts in a “glassy” 
manner and modulus is called “glassy modulus”, Eg.  In the region near Tg, a polymer 
acts like glassy and rubbery.  
Temperature has a strong effect on the mechanical properties of polymers. To 
determine long-term mechanical properties, short-term experimental results under 
isothermal conditions, such as creep compliance data, can be shifted horizontally using 
the time-temperature superposition principle (TTSP) to obtain a master curve.  The 
amount of shifting, called the “shift factors”, follows the WLF (Williams, Lander, and 
Ferry et al. 1955) 
)(
)(]log[
2
1
ref
ref
T TTC
TTC
a
−−
−
=        (7) 
where C1 and C2 are material constants and they can vary from polymer to polymer and 
determined experimentally, but generally these values are around C1 ~ 8.86 and C2 ~ 
101.6 (Knauss et al. 2004).  After shifting curves horizontally, we can obtain a master 
curve which describes the long-term viscoelastic functions.  The master curve and 
shifting factor allow the viscoelastic function to be determined at a given temperature and 
a given time.   
 A large number of researchers investigated time-temperature behavior of 
polymers using different equipments in the time domain.  Brinson (1965) investigated 
creep behavior of epoxy and determined its master curve.  Knauss and Kenner (1980) 
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used a torsiometer to measure shear creep compliance of PVAc at different temperatures 
and they found equivalence of the effects of moisture and temperature on PVAc if the 
volumes induced by the two factors are identical.  Hinz and his co-workers (2004) 
investigated Young’s modulus of PMMA film using nanoindentation with a scanning 
force microscope (SFM) at different temperatures.  Beake and Gray (2007) determined 
the creep behavior of polyethylene terephthalate (PET) film with nanoindentation 
technique at elevated temperatures.    
 
2.4 Interfacial Force Microscopy    
IFM was developed at Sandia National Laboratory by Houston and Joyce (1991).  IFM is 
modified form of Atomic Force Microscopy (AFM) except that the probe is mounted to a 
very tiny “teeter totter”, which is supported by torsion bar under capacitor pad, instead of 
cantilever used in AFM.  Schematic structure of IFM is shown in Figure 2.2.  
 
 
 
 
 
 
 
 
 
Figure 2.2 Schematic structure of Interfacial Force Microscopy (Liechti et al. 2004) 
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The purpose of the teeter totter is that when the tip is very close to the sample, the 
attractive force between sample and the tip causes the teeter totter to rotate slightly. This 
rotation increases the capacitance of one pad and decreases the other one.  Feedback 
system puts the proper voltage to the capacitor pad to rotate it back to zero. Forces are 
measured based on the voltage used to rotate the capacitor pad back to zero.  This 
feedback mechanism offers superior mechanical stability and the direct measurement of 
normal and lateral forces (Houston et al. 2002).  In IFM, force is applied vertically so that 
the tip position is estimated accurately, whereas in AFM, load is not applied vertically 
because tip is mounted on the cantilever and bending of the cantilever gives difficulty to 
estimate the tip position (Norton et al. 1998).  IFM uses rigid displacement control during 
indentation, which provides zero load frame compliance (VanLandingham et al. 2001). 
Another advantage of IFM is that jump-to-contact instabilities, which are observed in 
AFM or other scanning probe microscopy (SPM) systems, are not present in this 
instrument (Houston and Kiely et al. 1998).  IFM has capability of measuring adhesive 
forces produced by attractive and repulsive interactions between sample and the tip 
(Joyce et al. 1992). Also, IFM measures the nanoindentation forces at very small depths 
under very small load, however commercial nanoindentation system can not give very 
accurate data at very small depths because of the thermal drift.     
IFM made contributions to areas like adhesion, nano-level friction, 
nanoindentation, and viscoelastic measurements.  Houston and Kiely (1998) used IFM to 
investigate nanomechanical properties of single crystal gold surfaces that has different 
crystal orientation.  Houston and Kim (2001) studied the adhesion, friction and 
mechanical properties of molecular monolayers self-assembled on gold surfaces with 
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IFM.  Cabibil and his co-workers (2001) measured nanomechanical properties of 
polysiloxane-oxide thin film.  Liechti and his co-workers (2004) examined the 
nanoindentation of polymeric thin film to extract reduced modulus of film.  Study of 
viscoelastic properties of silly putty with IFM using spherical tip was done by Houston et 
al. (2005).  In this research, relaxation function of silly putty under depth controlled load 
was investigated and Lee and Radok equation was fit to experimental result. 
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CHAPTER III 
 
 
METHODOLOGY 
3.1 Material 
Two different PVAc samples were used in nanoindentation experiments.  Sample 
1 was a bulk PVAc prepared by molding a PVAc bead between two glass slides in oven 
at 110 oC for 1 hour.  The oven was turned off with the oven door closed until the sample 
was cooled down to room temperature.  The nominal thickness of bulk PVAc was 0.2 
mm and it had a very flat surface.  Sample 2 was a PVAc bead, in the form of a circular 
disk approximately 2 mm in diameter and 1 mm in thickness. Both samples had 170 000 
molecular weight (Manufacturer’s data). Sample 1 was annealed at temperature 40 oC in 
air, and it was cooled down slowly to room temperature by switching off the power of the 
temperature chamber at a cooling rate of approximately 10 oC / hr. Sample 2 was dried 
and stored in nitrogen environment.  Sample 1 was stored in a desiccator including 
desiccant with relative humidity controlled to be less than 50%.   
 
3.2. Equipment 
3.2.1 Hysitron Triboindenter  
A Hysitron Triboindenter system was used in nanoindentation for the 
measurements of load-displacement.  The system can reach a maximum indentation depth 
of 5 µm and a maximum load of 10 mN.  The displacement resolution is 0.04 nm and the 
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load resolution is 1nN.  A Hysitron temperature controller was used to control the 
temperature of a sample during experiment. A Peltier thermal element and resistive 
heater underneath the specimen was used to maintain temperature at the set point.  The 
peltier thermal device allows both heating and cooling from -10 oC to 200 oC.  Also, the 
control software package allows a user to change and monitor temperature during 
experiment.   Next to the indenter tip, there is a heating/cooling stage and thermal control 
elements as illustrated in Figure 3.1. 
 
Figure 3.1 Illustration of heating/cooling stage and thermal  
control elements (Schuh et al. 2006)  
 
A diamond Berkovich or spherical tip mounted on a macor shaft, which has low thermal 
conductivity to protect the tip from elevated temperature, was used.  A thermocouple 
located at the substrate where the sample mounted on was used to monitor the 
temperature.  It was found that it took about 20 minutes to reach the steady state for each 
different temperature.  In this nanoindenter system, tip is not heated so that the tip was 
brought to make contact with the heated specimen for about fifteen minutes to allow it to 
reach thermal equilibrium. 
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3.2.2 Interfacial Force Microscopy (IFM) 
An IFM system at Sandia National Laboratories was used in nanoindentation for 
the measurements load-displacement at small depth up to 16 nm.  The IFM system used 
in this study can reach a maximum load of 50 µN and force resolution was 4 nN.  A 
spherical diamond tip with 10.5 µm radius was used.  Dry nitrogen was used to dry the 
sample.  During drying and nanoindentation, a plastic cover was used to insulate the 
system from environmental effects such moisture.  All nanoindentation tests were 
conducted in air at different temperatures from 20 oC to 40 oC.  A temperature controller, 
Model LFI-3751 Wavelength Electronics, was used to control the temperature of stage 
supporting the sample.  After the indenter tip had made contact with the specimen 
surface, a constant rate displacement was applied and the indentation load and 
displacement were recorded simultaneously.  In each test, nanoindentation did not start 
until reaching a set temperature to allow the specimen and IFM setup to reach a thermal 
equilibrium state.  
 
3.3 Numerical Analysis of Data  
 In this present study, the method developed by Lu et al. (2003) was used to 
extract the creep compliance function from nanoindentation load-displacement data.  In 
this method, for a spherical indenter under a constant rate loading, ov , load-displacement 
relation is given by 
 
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where iτ is retardation time and Jo and Ji are shear creep coefficients, h is the 
displacement, R is the radius of the indenter, υ  is Poisson’s ratio and P is the indentation 
load.  A generalized Kelvin model was used to represent shear creep compliance 
function, J (t).  
 )1()( /
1
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N
i
io eJJtJ
τ−
=
−+= ∑        (9) 
For a Berkovich indenter, load-displacement relation is given by 
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Experimental load-displacement data is fitted to Equations (8) and (10) to determine 
creep compliance numbers and retardation numbers which were then used to find shear 
creep compliance function using Equation (9).  The software was developed using the 
method described here by Lu et al. (2003) and was named as ‘CreepCalculator’. In this 
study, CreepCalculator software was used to find creep compliance numbers from 
nanoindentation data. 
 Furthermore, contact mechanic analysis was conducted using JKR model for 
load-displacement data obtained by IFM to extract Young’s relaxation modulus. 
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CHAPTER IV 
 
 
FINDINGS 
 
4.1 Nanoindentation Measurement with Hysitron Triboindenter 
All nanoindentation tests on Hysitron Triboindenter were conducted using a 
constant-rate nanoindentation load at different temperatures between ~24 oC and 42 oC at 
~50% relative humidity.  The actual temperatures were measured and reported.  Only the 
loading portion in the nanoindentation data was analyzed to determine the creep 
compliance function. 
Temperature increase causes thermal drift and it might give erroneous result, a 
glass sample was used to calibrate nanoindenter at two different temperatures, 27 oC and 
31 oC (See Figure A.1).  Young’s modulus of glass is 70±5 GPa in the literature, 
nanoindentation results at these two temperatures give 73 GPa.  
 
4.1.1 Nanoindentation with a Berkovich Indenter Tip 
In this part of the study, Sample 1, a bulk PVAc, was used.  The temperature of 
the sample was monitored with a thermocouple.  A diamond Berkovich indenter tip was 
used to make nanoindentation to the Sample 1 at a constant loading rate of 0.015 mN/s 
under 0.6 mN load as shown in Figure 4.1.  Nanoindentation was conducted for three 
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times at different locations of the sample at each different temperature to examine the 
repeatability of the experiment.  
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Figure 4.1 Constant rate loading 
Figure 4.2 shows several load-displacement curves for 24.7 oC.  The curves are very 
close to each other, with the maximum difference of 2% at a depth of 350 nm, indicating 
that results are highly reproducible.   
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Figure 4.2 Load-displacement curves of PVAc at 24.7 oC 
 18
Figures A.1-A.6 shows the load-displacement curves for 30 oC, 32.1 oC, 34.1 oC, 36.6 oC, 
and 38 oC, respectively.  Each load-displacement curve in Figure 4.2 was fitted to 
Equation (10) to find the best-fit parameters using a constant Poisson’s ratio, 0.4, for bulk 
PVAc sample.  The fitted curve is plotted together with the experimental data in Figure 
4.3 and the cross-correlation coefficient between two curves is 0.999378, indicating a 
good correlation between two curves. 
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Figure 4.3 Experimental and fitted Berkovich nanoindentation  
         load-displacement curves of PVAc at 24.7 oC 
 
The same fitting procedure was used at all other temperatures.  A very good correlation 
has been achieved between experimental data and fitted curve at each of these 
temperatures.  Figure 4.4 shows Berkovich nanoindentation load-displacement curves at 
24.7 oC and 30 oC.  Under the same nanoindentation force, depth of nanoindentation 
increases with increasing temperature due to more pronounced viscoelastic properties of 
PVAc sample as temperature increases.   
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Figure 4.4 Berkovich nanoindentation load-displacement  
                                            curves of PVAc at 24.7 oC and 30 oC 
 
One nanoindentation was conducted at 42 oC, but at this temperature, PVAc becomes 
very soft because molecules mobility increases with temperature and curve fitting does 
not yield good linear viscoelastic parameters to describe the nanoindentation data.    
Figure 4.5 shows the experimental curve and fitted curve at 42 oC.   
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Figure 4.5 Experimental and fitted Berkovich nanoindentation  
         load-displacement curves of PVAc at 42 oC 
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As seen in the Figure 4.5, at 42 oC, experimental curve could not be fitted by the method 
governed by linear viscoelasticity, indicating that the PVAc will most likely behave as a 
nonlinear viscoelastic material. 
 
4.1.2 Creep Compliance Measurement 
In this section, viscoelastic properties of PVAc will be discussed.  Shear creep 
compliance data were obtained for each of the tested temperature using the method 
explained in section 3.3.  Each load-displacement curve obtained at a temperature was 
analyzed to find the shear creep compliance curve and the average of shear creep 
compliance curves for each temperature was quoted as the data at that temperature.  In 
the Prony series, eight exponential terms were used in Equation (9).  The first retardation 
time,τ , was 0.001 s and the last retardation time was 1000 s.  Each retardation time was 
10 times of the previous retardation time.  Beginning data was not analyzed because 10 
seconds corresponds to nanoindentation displacement less than 50 nm and the data were 
scattered.  Consequently, shear creep compliance was only given after 10 s. Figure 4.6 
shows all the shear creep compliance curves obtained at different temperatures.  As seen 
in Figure 4.6, shear creep compliance increases with increasing time and increasing 
temperature, indicating that PVAc is time and temperature dependent.  It is seen that 
there is a very big gap between curves at 34.1 oC and 36.6 oC.  The same big gap is seen 
around 29 oC in the shear creep compliance data presented on PVAc in the paper by 
Knauss and Kenner (1980).  The big gap is the result of glass transition.  If shear creep 
compliance values at 40 s are plotted, this change can be seen clearly.  Figure 4.7 shows 
the shear creep compliance values at 40 s versus temperature.   
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Figure 4.6 All shear creep compliance curves of PVAc at different temperatures 
The big gap in the shear creep compliance at around 34 oC is the indication of glass 
transition temperature of PVAc.  
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Figure 4.7 All shear creep compliance values of PVAc at 40 s at different temperatures 
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The reason for different glass transition temperature could be due to difference in 
materials molecular weights or they could have different manufacturing processes.  The 
molecular weight of the PVAc (353000 Mw) used in Knauss and Kenner’s study (1980) is 
higher than that of the PVAc(170000 Mw) used in this work. The Young’s relaxation 
modulus at 40 s can be estimated from shear creep compliance data using Equation 13 
(Daphalapurkar et al. 2008), 
)(
)1(2)(
∞→
+
=−
tJ
termlongE υ                                                                                 (13) 
Table 4.1 shows the Young’s relaxation modulus at 40 s at several temperatures.  
Young’s relaxation modulus of PVAc at 40 s decreases with increasing temperature; this 
is the result of viscoelastic properties of polymers.   
 
Table 4.1 Young’s relaxation modulus at 40 s at different temperatures 
determined from nanoindentation on Triboindenter 
 
Temperature (oC) Young’s Relaxation Modulus (GPa) 
24.7 1.81 
28 1.67 
30 1.60 
32.1 1.50 
34.1 1.37 
36.6 1.19 
38 1.1 
 
In this study, horizontal shifting of creep data does not form a master creep curve. 
The reason might be the drift rate or nonlinear effects of PVAc.  In all nanoindentation, 
drift rate was small, in the order of less than 0.2 nm/s but even small drift rate might 
create a big error in load-displacement curve and it could result in creep data that does 
not overlap with each other in long-term. 
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4.2 Nanoindentation Measurement with Interfacial Force Microscopy (IFM) 
 In this part, nanoindentation with IFM was conducted on Sample 2, which was a 
PVAc bead.  A diamond spherical tip with 10.5 µm radius was used in nanoindentation.  
A constant rate loading history at a loading rate of 3.3 µN/s at 20 µN load was applied in 
nanoindentation.  The entire nanoindentation duration was about 6 s.  Figure 4.8 shows 
the typical load-displacement curve obtained at room temperature.  Maximum indentation 
displacement at room temperature was about 16 nm, it is a very small displacement 
compared with the displacement of more than 300 nm, in nanoindentation on PVAc using 
the Hysitron Triboindenter.    
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Figure 4.8 Load-displacement curve of PVAc obtained by IFM 
As seen in Figure 4.8 there are 4 regions in load-displacement data. From 0 nm to 40 nm, 
tip approaches the surface of the sample, and then loading starts, from 40 nm to 0 nm, tip 
withdraws from surface of the sample.  Unloading curve does not retrace the loading 
curve, indicating that the sample was probed viscoleastically.  Both curves have small 
offset, which can be an instrumental artifact due to creep of the piezoscanner (Cabibil and 
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co-workers et al. 2001).  Figure 4.9 shows the closed up view of lower portion of the 
load-displacement curve in Figure 4.8.  There is a different force profile very close to the 
sample surface, indicating that there are strong long-range attractive forces between 
sample and the indentation tip.  These forces have been ascribed to meniscus forces 
between sample and the tip.  Meniscus forces can be result of liquid-like layer on the 
sample surface or contaminant on the surface of sample or on the tip (Houston and co-
workers et al. 1992).   
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Figure 4.9 Closed up view of lower portion of load-displacement 
                                       curve obtained with IFM 
 
Contact mechanic analysis was conducted using JKR model.  Figure 4.10 shows a 
JKR fit to the loading curve in one set of data on PVAc.  The reduced modulus is 5.3±0.2 
GPa obtained from JKR theory is higher than the values obtained by using 
CreepCalculator and in Knauss and Kenner et al. (1980). This difference might occur 
because JKR theory is a solution for elastic materials; it does not consider viscoelastic 
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effects.  During approach, loading curve deviates from the elastic model significantly, 
due to PVAc nonlinear compliance.    
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Figure 4.10 JKR fit of IFM nanoindentation data on PVAc 
The load-displacement curves obtained from experiment were fit to find the best-
fit parameters for the creep compliance using the same method described section 4.2.   
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Figure 4.11 Fitted and measured IFM nanoindentation load-displacement curves 
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Figure 4.11 shows a typical load-displacement curve for PVAc obtained from 
experiment, and its fitted curve up to 20 µN at room temperature.  As seen in Figure 4.11, 
correlation between two curves is good. The same fitting procedure was used at all 
temperatures that applied in experiment and a good correlation between experimental 
data and fitted curve has been achieved.  If the two fitting data obtained by JKR theory 
and viscoelasticity theory on PVAc are compared, the fitting conducted by using 
viscoelastic theory gives better correlation with experimental data.   
 
4.2.1 Viscoelastic Measurement                                                                                  
In this section, viscoelastic properties of PVAc is discussed.  The same values for 
retardation times, number of terms in Prony series and Poisson’s ratio, used in section 
4.2.2, were used in creep calculator.  The temperature range was from 20 oC to 40 oC.  
Figure 4.12 shows all the shear creep compliance curves at different temperatures.  .   
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Figure 4.12 Shear creep compliance curves of PVAc at different temperatures           
                   obtained using  IFM 
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Loading time was only about 3 s so that only few data point for each temperature can be 
shown in Figure 4.12.  As seen in Figure 4.12, with increasing time and temperature, 
shear creep compliance of PVAc bead changes, it again shows that PVAc is time-
temperature dependent material. The same big gap in shear creep compliance is seen 
around 34 oC similar to what was observed in the previous section using the 
Triboindenter.   
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Figure 4.13 Shear creep compliance values of PVAc at ~3 s at different temperatures 
The shear creep compliance values at ~3 s versus temperature are shown in Figure 4.13.   
A big change in shear creep compliance value at ~3 s is observed around 34 oC.   
 
Table 4.2 Young’s relaxation modulus at ~3 s at different temperatures 
                               determined from nanoindentation on IFM 
 
Temperature (oC) Young’s Relaxation Modulus (GPa) 
20 3.42 
25 2.87 
29.4 2.35 
35 2.07 
40 1.57 
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The Young’s relaxation modulus at ~3 s can be determined by inversion of creep function 
using Equation 11 in section 4.2.  Table 4.2 shows the Young’s relation modulus at ~3 s. 
Young’s relaxation modulus of PVAc at ~3 s decreases with increasing temperature. 
However, IFM Young’s modulus result is higher than Triboindenter Young’s modulus 
result. This might be the effect of indenter tip or depth of indentation.  Because IFM 
nanoindentation was made with spherical indenter and indentation depth was very small, 
whereas Triboindenter nanoindentation was made with Berkovich indenter and 
indentation depth was deeper.  Another reason might be the time that the creep data was 
taken.   
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CHAPTER V 
 
 
CONCLUSION 
 
Viscoelastic properties of PVAc samples were investigated using nanoindentation 
technique at several different temperatures using Hysitron Triboindenter and IFM.  
Results show that PVAc is time-temperature dependent material.  The first set of 
experimental results was obtained on a Hysitron Triboindenter.  Several nanoindentation 
was conducted between 24 oC and 42 oC.  Experimental results were highly repeatable 
and the average of all data at each temperature was analyzed using CreepCalculator to 
extract the shear creep compliance from experimental load-displacement data. 
Nanoindentation results obtained on a Triboindenter showed that a PVAc used on this 
study has glass transition temperature around 34 oC.  The second set of experimental 
results was obtained using IFM through nanoindentation on a PVAc.  Several 
nanoindentation was conducted between 20 oC and 40 oC.  The results were analyzed 
based on JKR theory and viscoelastic theory to find viscoelastic functions of a PVAc. 
Shear creep compliance of PVAc was determined by using CreepCalculator.  Young’s 
modulus determined by JKR theory showed the higher value than the value obtained by 
using viscoelastic theory.  Also, nanoindentation results using IFM showed that a PVAc 
has glass transition temperature around 34 oC.  Both experimental results are confirmed 
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each other.  Also, master creep data could not be formed using Triboindenter; it shows 
that even small drift rate created by machines results in big error in creep data. 
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A.1 Berkovich nanoindentation on glass at 27 oC and 31 oC 
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A.2 Load-displacement curves of PVAc obtained using Triboindenter at 28 oC 
 35
0 100 200 300 400
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Lo
a
d 
(m
N)
Displacement (nm)
 
 
A.3 Load-displacement curves of PVAc obtained using Triboindenter at 30 oC 
0 100 200 300 400
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Lo
ad
 
(m
N
)
Displacement (nm)
 
 
A.4 Load-displacement curves of PVAc obtained using Triboindenter at 32.1 oC 
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A.5 Load-displacement curves of PVAc obtained using Triboindenter at 34.1 oC 
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A.6 Load-displacement curves of PVAc obtained using Triboindenter at 36.6 oC 
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A.7 Load-displacement curves of PVAc obtained using Triboindenter at 38 oC 
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            Scope and Method of Study: Nanoindentation load-displacement data of polyvinyl 
acetate (PVAc) was obtained at different temperatures ranging from ~20 oC to 42 oC 
using two novel equipments, Hysitron Triboindenter and Interfacial Force Microscopy 
(IFM).  Load-displacement data was analyzed using viscoelastic contact theory and JKR 
contact mechanics theory.  
 
            Findings and Conclusions:  Load-displacement data obtained by Hysitron Triboindenter  
            was analyzed using viscoelastic theory and shear creep compliance curves were obtained 
at different temperatures.  Load-displacement data obtained by IFM was analyzed using 
viscoelastic theory and JKR contact mechanics theory and shear creep compliance curves 
were obtained at different temperatures. Small drift rate in load-displacement data 
obtained by Hysitron Triboindenter resulted in big error in shear creep compliance curves 
so that master shear creep compliance curve could not be formed. Glass transition 
temperature of PVAc was found at ~34 oC using shear creep compliance curves and it 
showed that glass transition temperature of PVAc is not unique. Adhesion forces between 
PVAc and tip was observed by IFM and invalidity of JKR method for PVAc was shown. 
 
 
 
 
 
 
 
 
 
 
 
 
